with the pre-CE-IM group (34.4 [44.6] ; P = .02). The buried gland size (P = .69) and distribution (P = .54) were not significantly different before and after CE-IM.
Limitations-A single-center, cross-sectional study comparing patients at different time points in treatment. Lack of 1-to-1 coregistered histology for all OCT data sets obtained in vivo.
Conclusion-Buried glands were frequently detected with 3D-OCT near the gastroesophageal junction before and after radiofrequency ablation.
Barrett's esophagus (BE) is a common condition associated with GERD, 1, 2 in which the normal squamous epithelium of the esophagus is replaced by metaplastic columnar epithelium. In the United States, approximately 5.6% of the population is affected by this disease. 3 Patients with BE have an increased risk of the development of esophageal adenocarcinoma, 4 which is a fatal disease with a 5-year survival rate of less than 20%. 5 In the past 30 years, the incidence of esophageal adenocarcinoma in white men has increased 300% to 500%. 6, 7 Endoscopic surveillance biopsies are routinely performed to identify BE, which may be treated by using endoscopic ablative therapies, 8 such as argon plasma coagulation, 9 photodynamic therapy, 10 and radiofrequency ablation (RFA). [11] [12] [13] [14] [15] RFA uses an electrode array to deliver radiofrequency energy to the tissue surface. In a multicenter, shamcontrolled trial, complete eradication of dysplasia was reported in 90.5% of patients with low-grade dysplasia (LGD) and in 81% of patients with high-grade dysplasia (HGD) 1 year after the initial RFA treatment. 14 After 3 years, complete eradication of dysplasia and complete eradication of intestinal metaplasia (CE-IM) was achieved in 98% and 91% of patients, respectively, 16 leading to increasing sentiment against further surveillance of HGD and toward ablative therapy. In another multicenter prospective trial, CE-IM was achieved at 2.5 years in 98.4% of patients with nondysplastic BE treated with RFA. 17 At 5-year followup, CE-IM was demonstrated in 92% of the patients. 15 After RFA, new squamous epithelium generally replaces previous BE epithelium. However, residual BE glands can become "buried" by the neosquamous epithelium. These buried glands are not visible by conventional endoscopy, even when supplemented by chromogen or narrow-band imaging. The malignant potential of these buried glands is unknown, [18] [19] [20] but buried BE glands were found in 25.2% of patients before and in 5.1% of patients after successful RFA treatment when followed by 4-quadrant biopsies every 1 cm. 14 Although rigorous biopsies were performed over neosquamous epithelium after RFA treatment in study protocols, 14, 15, 21 these buried glands are likely underappreciated with the current surveillance protocol because areas of neosquamous epithelium do not routinely undergo biopsy in clinical practice. Furthermore, the sampling area and depth 15, 21, 22 of biopsy are limited, even with large-capacity forceps.
Optical coherence tomography (OCT) 23 is an emerging biomedical imaging technology that detects light backscattered from tissues to construct cross-sectional and 3-dimensional (3D) images of tissue microstructures with micron-scale resolution. Over the past decade, several groups have developed endoscopic OCT technologies for in vivo evaluation of disease and endoscopic therapies in the human GI tract. [24] [25] [26] [27] [28] [29] [30] [31] OCT imaging depth is 1 to 2 mm in the human esophagus, enabling evaluation of tissue morphology underneath the squamous epithelium. The advent of high-speed endoscopic OCT systems, 28, 30, 32, 33 enables 3D and comprehensive imaging. Because the location of buried glands is unpredictable, this imaging technology that uniquely enables depth-resolved imaging of a broad area with nearmicroscopic resolution holds great potential for identifying and characterizing buried glands before and after ablative therapies. We recently reported a case in which buried glands were identified after RFA treatment. 31 In the current study, we further quantify our findings of buried glands by using 3D-OCT in a cohort of 27 patients undergoing RFA treatment.
METHODS

Endoscopic 3D-OCT system
Studies were performed by using an endoscopic 3D-OCT system developed in collaboration with LightLab Imaging-St. Jude Medical Inc (Westford, Mass) and described in previous publications. [30] [31] [32] The system used swept-source OCT with a Fourier-domain mode-locking laser 34 operating at a 1.3-μm center wavelength. The laser sweep rate was 60 kHz, and the sweep bandwidth supports a 5-μm axial resolution in tissue. The flexible OCT imaging probe, with an outer diameter of 2.5 mm, can be introduced through the biopsy channel of a standard endoscope. The probe focused an output beam of approximately 13 mW to an approximately 15-μm spot on the tissue, and the system had more than 100-dB sensitivity. The OCT beam was radially scanned at 60 Hz and pulled back at 1 mm/s, resulting in a 16μm spacing between consecutive B-scan images. Each 3D-OCT data set, covering a region 8 mm (circumference) × 20 mm (length) × 2 mm (depth) was acquired in 20 seconds. Crosssectional OCT images were displayed in real-time during the procedures, and a 3D-OCT data set was available for review immediately after the data were acquired. Quantification and characterization of the buried glands were performed during post-processing as described in the following.
Patient enrollment and imaging procedures
The study was performed at the Boston Veterans Affair Healthcare System with protocol approvals from Boston Veterans Affair Healthcare System, Harvard Medical School, and Massachusetts Institute of Technology. Patients were diagnosed by using a standard whitelight endoscope, and the length of visible BE was recorded based on the Prague C&M criteria. 35 Patients with raised lesions were excluded from the study. Twenty-seven patients, including 26 white male and 1 white female patient, undergoing RFA treatment were recruited ( Table 1 ). Among them, 12 patients initially presented with long-segment BE and 15 patients with BE less than 2 cm. However, 3D-OCT imaging and our data analysis were limited to short-segment BE (≤2 cm) to ensure consistent OCT imaging probe placement at the gastroesophageal junction (GEJ). These included patients initially with long-segment BE that was later reduced to less than 2 cm by circumferential RFA treatment by using the BÂRRX HALO 360 catheter (BÂRRX Medical, Sunnyvale, Calif).
During each endoscopic procedure, the lower one third of the patient's esophagus was first surveyed with a high-definition white-light endoscope (Olympus GIF-Q180; Olympus America, Center Valley, Pa) by an experienced endoscopist. Multiple 3D-OCT data sets were acquired over different quadrants at the GEJ. After 3D-OCT imaging, BE regions identified endoscopically were ablated by using the BÂRRX HALO 90 catheter (BÂRRX Medical) with 300 W and 12 J/cm 2 . The radiofrequency energy was delivered in 2 applications, with burned tissues rigorously scraped off between applications per standard protocol. 14 The patients underwent a follow-up endoscopy 6 to 8 weeks after RFA treatment. If no visible BE was identified endoscopically, random 4-quadrant biopsy samples were taken around the GEJ. The determination of CE-IM was based on endoscopic (no visible BE under white-light endoscopy and narrow-band imaging) as well as pathological findings (no intestinal metaplasia [IM] on pinch biopsy histology from the GEJ). The patient received additional RFA treatment if there was endoscopically visible BE or if IM was found based on histology. If CE-IM was achieved based on endoscopy and biopsy findings, the patient was followed 1 year later with standard endoscopy.
Data analysis
Each 3D-OCT data set obtained at the GEJ was digitally unwrapped and flattened during after processing. A data set was excluded from subsequent analysis if the squamocolumnar junction (SCJ) was invisible or if severe image artifacts caused by nonuniform probe motion, air bubbles, or poor tissue contact were observed.
To characterize buried glands, 3D-OCT data sets were analyzed with Amira software (Visage Imaging, Inc, San Diego, Calif). Consistent with previous findings, 31, 36 buried glands were identified from cross-sectional OCT images as poorly organized, sparsely distributed hyposcattering structures below the squamous epithelium within the lamina propria/muscularis mucosa with irregular size and shape. In contrast, blood vessels were identified as tubelike hyposcattering structures interconnected and branched in 3 dimensions. Esophageal glands were identified as deep and well-organized lobular structures below the lamina propria/muscularis mucosa. Buried glands and SCJ were labeled in each data set by using the segmentation tool provided in Amira software. The segmentation data were then loaded in MATLAB (MathWorks, Inc, Natick, Mass) to extract the number, size (the largest span of the buried glands in 3 dimensions), and the distance of the buried glands from the SCJ. When multiple 3D-OCT data sets were available for a patient at a single visit, the data set that showed the most buried glands was used for subsequent analysis. Average results from a group are presented as mean (standard deviation). The Student t test was used to statistically compare the number, size, and the distance of the buried glands from the SCJ between the pre-CE-IM and post-CE-IM groups. A P value <.05 was used to determine statistical significance. Table 1 summarizes the patient demographic information. 3D-OCT was performed in 18 patients before CE-IM was achieved (pre-CE-IM group). Among these 18 patients, 7 were RFA-naive patients (no previous RFA treatment) and 11 had 1 or more RFA treatments before the first 3D-OCT (1.7 [1.2] ). In the post-CE-IM group, 3D-OCT was performed in 16 patients who achieved CE-IM after a total of 2.6 (1.6) RFA procedures, including the original treatments to reduce the BE length to 2 cm or less. Note that 7 patients were included in both the pre-and post-CE-IM groups. The patient age in the 2 groups was comparable (65.3 [12.9] for pre-CE-IM group and 69.1 [11.8] for post-CE-IM group, P = .
RESULTS
37). Before the initial RFA treatment in the pre-CE-IM group, 8 patients had BE without dysplasia, 6 had LGD, and 6 had HGD. Before initial RFA treatment in the post-CE-IM group, 7 patients had BE without dysplasia, 6 had LGD, and 3 had HGD. The BE lengths at initial diagnosis were 4.0 (4.0) cm and 4.0 (4.4) cm for the pre-CE-IM and post-CE-IM groups, respectively. The BE length at OCT imaging time point was 1.5 (0.6) cm for the pre-CE-IM group. On average, 2.1 (0.8) and 2.3 (0.9) 3D-OCT scans were performed during each procedure for the 2 groups, respectively. None of these differences between the 2 groups were statistically significant. Figure 1 shows examples of cross-sectional OCT images and corresponding histology. Figure 1A ,B was acquired in vivo at the position of the GEJ. Buried glands were identified with 3D-OCT at the GEJ of a patient during the imaging procedure. Landmarks of the OCT imaging site were visually identified under EGD. The OCT probe was then retracted from the working channel of the GIF-Q180 endoscope, and biopsy forceps were inserted through the same channel. Pinch biopsy samples were taken from the OCT imaging site with direct visualization on EGD. The histological micrograph shown in Figure 1C confirmed the presence of buried glands with IM underneath neosquamous epithelium. Figure 1D ,E was obtained from an ex vivo EMR specimen to enable more accurate correspondence of OCT images with histology. From cross-sectional OCT images, squamous epithelium is characterized by a low-scattering, homogeneous layer at the mucosal surface. Buried glands were identified as sparsely distributed hyposcattering structures underneath the squamous epithelium with various sizes and shapes. The histological micrograph of the EMR specimen ( Fig. 1F ) also confirmed the presence of buried glands with IM. Figure 2 shows OCT images from a patient in the pre-CE-IM group. Figure 2A is an en face OCT image that is the projection of the logarithm-compressed 3D-OCT image over the full axial depth imaging range. Here, columnar epithelium corresponds to BE, and squamous epithelium as well as the SCJ can be clearly identified. The locations of the buried glands are indicated. Cross-sectional OCT images corresponding to those in Figure 2A are shown in Figure 2B ,C. Buried glands are clustered under the squamous epithelium. The lamina propria/muscularis mucosa layer exhibited strong backscattering OCT signals because of the rich collagen content. The lamina propria/muscularis mucosal layer was clearly observed in 3D-OCT data sets obtained from all 27 patients, suggesting that OCT has sufficient imaging depth for evaluation of buried glands. Figure 2D ,E are 3× zoomed views of the regions with buried glands shown in Figure 2B ,C, respectively. A double-band feature, also described by other groups, 36 can be observed from some glands. To further demonstrate these buried glands in 3 dimensions, a video of cross-sectional OCT images scanning through the SCJ is provided in Video 1 (available online at www.giejournal.org). The 3D-OCT data set proved to be very useful for differentiating buried glands from blood vessels, which are interconnected and branched in 3 dimensions, and from esophageal glands, which are deep, lobular, and well organized with sharp borders. Figure 3 shows another example from a patient in the post-CE-IM group. The columnar epithelium, (corresponds to the gastric mucosa), squamous epithelium, and the SCJ are seen from the en face projection OCT image (Fig. 3A) . Buried glands appear to be fewer and scattered near the squamous epithelium. Cross-sectional OCT images in Figure 3B -E show these buried glands in more detail. Video 2 (available online at www.giejournal.org) shows cross-sectional OCT images scanning through the buried glands.
In the entire patient cohort, buried glands were identified in 72% patients (13/18) Overall, 620 and 114 buried glands were marked in 3D-OCT data sets from patients in the pre-CE-IM and post-CE-IM groups, respectively. For comparison, Figure 5 shows histograms of the gland sizes ( Fig. 5A ) and the distance from the SCJ (Fig. 5B ). Both groups demonstrate a single peak of approximately 180 μm in the gland size distribution. On average, the size of the buried glands is 214 (126) μm in the pre-CE-IM group, and 219 (111) μm in the post-CE-IM group, respectively. The gland sizes before and after CE-IM are not significantly different (P = .69). Furthermore, as shown in Figure 5B , the distribution of the buried glands relative to the SCJ is also similar in both groups. Sixty-seven percent (415/620) and 69% (79/114) of the glands were observed within 5 mm of the SCJ in the pre-CE-IM group and post-CE-IM group, respectively. The average distance of these glands from the SCJ is 3.6 (2.7) mm in the pre-CE-IM group and 3.8 (3.9) mm in the post-CE-IM group and was not statistically significant between the 2 groups (P = .54).
DISCUSSION
In this study, in vivo characterization of buried glands in BE patients treated with RFA was performed by using high-speed, endoscopic 3D-OCT. A higher prevalence of buried glands in both the pre-CE-IM (72%) and the post-CE-IM groups (63%) was observed compared with previous reports by performing 4-quadrant biopsies every 1 cm (up to 25% pre-and none to 5% post-CE-IM). 14, 15, 21 Higher prevalence is expected in our study because the area of the distal esophagus imaged with 3D-OCT is considerably larger and more comprehensive than that with pinch biopsies. Each 3D-OCT data set provides approximately 160 mm 2 (8-mm circumference × 20-mm pullback) coverage of the esophagus if the tissue is fully wrapped around the probe. This is approximately 30 to 60 times larger than the area sampled by jumbo biopsy forceps (~6 mm 2 ) and standard biopsy forceps (~2.5 mm 2 ). However, because the human esophagus is approximately 1.5 to 2 cm in diameter, each scan using the current OCT probe design only covers 1/6 to 1/8 of the esophageal circumference. Therefore, it is important to image different quadrants of the esophagus to maximize the coverage area and decrease sampling errors. The lamina propria/muscularis mucosa of the esophagus was visible in all OCT data sets collected in this study, suggesting the penetration depth of OCT was sufficient to evaluate the buried glands. In contrast, only 40% to 80% of biopsies reached the lamina propria or deeper, as reported in recent studies. 21, 37 In addition, Cobb et al 36 recently found buried glands by using OCT in 10 of 14 ex vivo esophagectomy specimens by focused sampling in areas near the SCJ. The high prevalence of buried glands reported in their study is consistent with our findings. The high probability of finding buried glands near the SCJ was also confirmed with our buried gland distribution results, in which 67% and 69% of these glands were found within 5 mm from the SCJ in the pre-CE-IM and post-CE-IM groups, respectively.
Although we have shown that the number of buried glands per patient is significantly lower after CE-IM is achieved, buried glands still exist in a high percentage of patients post-CE-IM. These glands may disappear over time without treatment, grow as recurrent BE, or even become malignant. Further investigation is needed to understand the longitudinal progression of the buried glands in the same patient over time. One hypothesis is that patients with a large number of buried glands are at higher risk of recurrent BE or malignant progression. If this proves to be true, the information on buried glands that OCT provides may be used to stratify the patient risk, as suggested by a recent editorial 38 and could even help direct areas for re-ablation. Repeated treatment or close surveillance may be used for high-risk patients, whereas longer surveillance may be used for low-risk patients to improve the cost-effectiveness in the current paradigm for BE management. Furthermore, OCT is a minimally invasive method to evaluate buried glands or other subsurface features and may be used to evaluate the efficacy of other endoscopic therapies, such as cryoablation 39, 40 and photodynamic therapies. 10 There are several limitations to the current study. First, the study was performed without coregistered histology of the buried glands observed in the OCT data sets. This is because of the procedural difficulties of performing biopsy simultaneously with OCT imaging and using OCT to guide the biopsy, as well as the small size and area coverage of biopsy forceps. To address this limitation, OCT images and corresponding histology are presented from 1 biopsy specimen in vivo and 1 ex vivo EMR specimen obtained at the GEJ (Fig. 1) . In both cases, histology showed buried glands with IM. With the current image resolution, OCT is not capable of differentiating glandular mucosa with or without IM. Compared with gastric glandular mucosa or superficial esophageal glands, however, glands with IM are often dilated, irregular, and sparsely distributed in the superficial part of the lamina propria. The buried glands observed on OCT are irregular and sparsely distributed and likely correspond to these dilated glands. In addition, we observed the same imaging features for buried glands compared with a recent ex vivo OCT imaging study that used esophagectomy specimens. 36 Furthermore, considering that the areas underneath the neosquamous epithelium were columnar epithelium before the RFA treatment, glandular structures underneath the neosquamous epithelium observed after RFA treatments are likely buried BE glands rather than normal buried glandular mucosa. In the future, a dual-channel endoscope may be used to enable image-guided pinch biopsy by using OCT. Improved matching of OCT images obtained in vivo and histology should then be obtained. Further improvement in image resolution and the development of more specific imaging technology such as polarization-sensitive OCT may also help improve the accuracy of the detection of buried glands.
A second limitation is that this was a cross-sectional study comparing patients at different time points in treatment. Because of the variations in the extent of BE at initial presentation as well as variations in the number of RFA treatments needed to achieve CE-IM, the study recruited both RFA-naive and previously treated patients focusing on those with shortsegment BE. This was done because this represents a treatment point at which the OCT imaging probe could be consistently placed at the GEJ. Variations in disease severity and response across the patient population contribute to the variations in the data. 3D-OCT imaging is performed before and after a varying number of RFA treatments, so that the data are not necessarily representative of either a single RFA treatment or the entire course of RFA treatments starting from treatment-naive patients. However, buried glands were found in 6 of the 7 RFA-naive patients (86%) in the pre-CE-IM group. In addition, the number of buried glands observed per patient (36.1 [35.1] , median = 23) in these RFA-naive patients was not significantly different from the statistics including all the patients in the pre-CE-IM group (34.4 [44.6] , median = 26.5; P = .93).
Finally, this was a single-center study with a relatively small cohort of patients. A more rigorous, multicenter, longitudinal clinical study is needed to further establish the utility of endoscopic 3D-OCT for the management of BE in clinical practice.
CONCLUSION
In summary, this study demonstrates that 3D-OCT provides a 30 to 60 times larger field of view compared with jumbo and standard forceps biopsy and sufficient imaging depth to the lamina propria/muscularis mucosa to facilitate the detection of buried glands pre-and post-CE-IM. A high prevalence of buried glands in 72% patients in the pre-CE-IM group and in 63% patients in the post-CE-IM group was observed. This high prevalence is consistent with biopsy results from previous studies when accounting for the differences in sampling area between OCT imaging and excisional biopsy. The number of buried glands per patient decreased significantly after CE-IM is achieved (P = .02). However, the size and distribution of the buried glands relative to the SCJ in patients with short-segment BE did not change significantly post-CE-IM. Further investigation is needed to understand the longitudinal progression and clinical implications of buried glands.
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Take-home Message
• The prevalence of buried glands in patients in whom complete eradication of intestinal metaplasia was achieved after radiofrequency ablation is higher than previously reported using standard 4-quadrant biopsies.
• 3-Dimensional optical coherence tomography may be used to evaluate treatment efficacy and guide endoscopic therapies in the future. Histograms of (A) the buried gland size and (B) distance from the squamocolumnar junction (SCJ) in the pre-CE-IM (complete eradication of intestinal metaplasia) and post-CE-IM groups. No significant difference was observed in either the gland size or gland distribution between the 2 groups. 
